OBJECTIVE-The purpose of this article is to present current clinical and research issues in MRI evaluation of nonischemic cardiomyopathy, a diverse set of diseases, many of which have a genetic basis.
MRI is one of the most powerful tools currently in use to noninvasively assess the extent and type of cardiovascular disease. Most cardiac disease is due to atherosclerosis in both men and women. Disease of the myocardium associated with atherosclerosis is termed "ischemic" cardiomyopathy. Besides ischemic cardiomyopathy, a wide range of diseases of the myocardium may occur and are unrelated to atherosclerosis. These diseases are classified as nonischemic cardiomyopathy. Whereas ischemic cardiomyopathy is usually well evaluated noninvasively using echocardiography, echocardiography is often deficient for characterization of nonischemic cardiomyopathy. Although the first line of therapy for ischemic cardiomyopathy is directed at improving myocardial blood flow in narrowed coronary arteries (e.g., using coronary stents or bypass surgery), such therapy usually has no role in patients with nonischemic cardiomyopathy. Instead, therapeutic techniques vary widely and may include a combination of medical therapy, implantable cardiodefibrilators or pacemakers, or even cardiac transplantation.
Nonischemic cardiomyopathy is a vague term that does not describe underlying pathology. Nonischemic cardiomyopathy of the heart is reminiscent of the term "interstitial infiltrate" on a chest radiograph. Similar to that of interstitial lung disease, the differential diagnosis of nonischemic cardiomyopathy is lengthy. Historically, nonischemic cardiomyopathies have been described by changes in the morphology or function of the heart [1] . An enlarged, thickened heart was termed "hypertrophic" cardiomyopathy and a thin-walled enlarged heart was termed "dilated" cardiomyopathy. The heart could also be stiff and unable to relax normally due to infiltration-termed "restrictive" cardiomyopathy as in amyloidosis (infiltration by amyloid protein) or sarcoidosis (granulomatous involvement of the heart).
Today, rather than simplistic descriptions of the size or shape of the heart, a more comprehensive definition of nonischemic cardiomyopathy has emerged [1] . Nonischemic cardiomyopathy is defined as disease of the myocardium associated with mechanical or electrical dysfunction exhibiting inappropriate ventricular hypertrophy or dilatation. The causes are numerous, but an increasing number of nonischemic disorders are being recognized as genetic in cause. Nonischemic cardiomyopathy may be either primary (confined to the heart) or secondary to systemic diseases (Table 1) , and many of these conditions recently have been extensive reviewed [2] [3] [4] .
MRI of the heart has been found to have a unique and special role in the evaluation of these diverse and sometimes rare diseases, as will be discussed. The purpose of this article is to examine current key clinical and research issues regarding the role of MRI in the evaluation of nonischemic cardiomyopathy. Comprehensive reviews of the multiple imaging and clinical manifestations have recently been published, and the interested reader is referred to those publications for additional detail regarding diseases that cannot be described in this brief introduction to the field [2] [3] [4] [5] [6] [7] [8] [9] .
What Is the Unique Value of MRI in Nonischemic Cardiomyopathy?
Like echocardiography, MRI excels at obtaining high-temporal-resolution cine images of the heart. Using steady-state free precession imaging, a movie loop of a single slice of the heart is easily obtained in 5-6 seconds. Both 1.5-and 3-T MRI scanning produce good image quality on modern scanners. Typically, a stack of parallel short-axis cine loops from the base of the heart to the apex is acquired in about six breath-holds of 10-12 seconds (imaging two slices per breath-hold). The technique depends on a regular R-R interval on the ECG. If that is not the case, real-time cine images are obtained, although the spatial and temporal resolution is lower. Unlike echocardiography, the right ventricle is readily observed at MRI. This is critical for patients with suspected arrhythmogenic right ventricular dysplasia, an increasingly common rule-out diagnosis for MRI. Disease of both the right and left sides of the heart is relatively uncommon in ischemic cardiomyopathy and more likely to be associated with nonischemic cardiomyopathy. For patients with suspected hypertrophic cardiomyopathy, MRI may detect abnormal wall thickness that is otherwise missed by echocardiography (discussed later).
MRI also possesses the unique ability to add information regarding tissue composition. Frequently, nonischemic cardiomyopathy is associated with myocardial fibrosis. The detection of myocardial fibrosis (or scar) is well known from the evaluation of myocardial infarction with delayed enhanced MRI of the heart. After administration of 0.1-0.2 mmol/kg of gadolinium contrast agent, 10-to 20-minute delayed imaging is obtained with cardiac MRI. An inversion pulse is used to suppress normal myocardial tissue, thus highlighting the enhancing region of the heart. For patients with a prior myocardial infarction, myocardial scar is readily identified as transmural or subendocardial focal regions of delayed enhancement. The reason for delayed enhancement is that the wash-out rate of gadolinium is reduced in areas of myocardial fibrosis or collagen deposition. Increased gadolinium concentration causes T1 shortening or enhancement on delayed gadolinium enhancement MRI. Myocardial infarction as small as 1 g of tissue can be identified at MRI. It thus follows that a myocardial scar should be identified by MRI if the patient's myocardial dysfunction is due to prior myocardial infarction. If scar is absent, a further explanation for the patient's dysfunction must be sought.
The ability to detect subtle myocardial fibrosis is a major rationale for using MRI for myocardial disease. The pattern of delayed enhancement at MRI often associated with nonischemic cardiomyopathy is distinctly different (Fig. 1 ) from ischemic cardiomyopathy.
Delayed enhancement associated with nonischemic cardiomyopathy often has the following two characteristics. The first is noncoronary artery distribution. In nonischemic cardiomyopathy, myocardial scar may be present in multiple coronary territories. For example, in myocarditis, scar may be present in the septum (left anterior descending coronary artery) as well as the inferior wall (right coronary artery). The second is midwall or epicardial location. In idiopathic dilated cardiomyopathy, for example, midwall septal enhancement is common. These patterns contrast with those of myocardial infarction. Because the most vulnerable zone of the myocardium is the subendocardial layer, the subendocardial layer is always involved by a myocardial infarction. Given that there are more than 100 different types of nonischemic cardiomyopathy, one might question how the above two different features of delayed enhancement are helpful (Fig. 2) . Delayed gadolinium enhancement in nonischemic cardiomyopathy is usually not useful for a specific disease but rather to exclude an ischemic cause as the culprit.
Finally, there are other tissue characteristics that can be detected by MRI for nonischemic cardiomyopathy. In primary hemochromatosis, the heart may be variably affected by increased iron deposition. Using T2*-weighted imaging, the presence of significant amounts of iron in the heart can be determined. In some nonischemic cardiomyopathies (e.g., myocarditis), edema may be a prominent feature. Using T2-weighted imaging, the presence of edema can be readily assessed.
In summary, cardiac MRI readily visualizes all portions of the myocardium with high spatial resolution with the use of steady-state free precession cine imaging. In addition, patients with nonischemic cardiomyopathy often show a distinct pattern of delayed gadolinium enhancement different from that of patients with ischemic cardiomyopathy. Identification of a nonischemic pattern of delayed gadolinium enhancement is extremely powerful to lead toward the correct diagnosis for the patient. MRI can also provide unique information regarding other tissue characteristics, such as the presence of iron or edema. For patients with a known nonischemic cardiomyopathy, MRI is often used to characterize the extent of the abnormality. When the cause of the myocardial dysfunction is unknown, a major benefit of MRI is to help separate an ischemic (atherosclerotic) cause from a nonischemic cause. Patients with ischemic cardiomyopathy are managed with β blockers, myocardial stenting, risk factor modification, or coronary artery bypass. Patients with nonischemic cardiomyopathy may be managed medically, but myocardial transplantation or defibrillator implantation may be the only options in certain severe cardiomyopathies. For nonischemic cardiomyopathy with a known genetic cause, screening of family members also becomes of paramount importance.
Examples of Nonischemic Cardiomyopathy
To illustrate the importance of MRI in the management and diagnosis of patients with nonischemic cardiomyopathy, I will discuss two very distinct conditions and the current role of MRI in each disease. In hypertrophic cardiomyopathy (HCM), the wall of the left ventricle is abnormally thickened. In arrhythmogenic right ventricular dysplasia (ARVD), the wall of the right ventricle is abnormally thinned. Both conditions have been identified as having a genetic basis and both are associated with sudden cardiac death.
Hypertrophic Cardiomyopathy
HCM is a genetic cardiomyopathy that is autosomal dominant. The incidence in the United States is approximately one in 500, or 0.2%, of the population [2] . HCM is the leading cause of sudden cardiac death in competitive athletes, adolescents, and young adults in the United States. The reason for sudden cardiac death is due to arrhythmia. Treatment may consist of medical therapy, surgery for partial resection of the septum in patients with obstruction of the outflow tract, implanted defibrillator, or a combination of these treatments.
The underlying abnormality in HCM is a mutation involving sarcomere contractile proteins. More than 800 different mutations have been identified in at least 11 contraction-encoding genes in HCM. Approximately 65% of patients with familial HCM have a genetic abnormality that can be recognized. Genetic testing for HCM may be considered a clinical test and is routinely used in research protocols. As a result, some patients are diagnosed as genotype positive but may be phenotype negative if they have not yet expressed the disease.
Histologically, HCM shows myocardial disarray and collagen deposition, eventually resulting in a thickened, poorly contracting myocardium. Echocardiography (or MRI) is used to diagnose HCM when there is unexplained focal or diffuse thickening of the myocardium greater than 15 mm in left ventricular wall thickness. Systolic function of the heart is normal or even increased early in the disease, but diastolic function is reduced, detected by echocardiography [10] . After gadolinium administration, delayed enhancement images most often show a diffuse speckled pattern in the midwall of the myocardium, frequently in the area of myocardial thickening (Fig. 3 ).
All patients with suspected hypertrophic cardiomyopathy undergo echocardiographic evaluation of the myocardium. Until recently, MRI was not thought to be necessary because the diagnosis relied strongly on wall thickness measurements. Increasing use of MRI has shown that HCM is undetected in 6-12% of patients by echocardiography [11, 12] .
An emerging application of MRI in HCM is to characterize the presence of myocardial fibrosis in HCM. I conducted an informal meta-analysis of papers from 2002 to 2009 that described delayed enhancement by MRI in 675 patients. Of these, delayed enhancement was reported in 62% of patients with HCM. Delayed enhancement in HCM is related to collagen deposition, and collagen deposition interspersed with normal myocardium represents an arrhythmogenic substrate. A large series of 177 patients by Adabag et al. [13] showed that the presence or absence of delayed enhancement at MRI was the primary predictor of nonsustained ventricular tachycardia. Thus, risk stratification in HCM may potentially be significantly improved by identifying the presence of myocardial delayed enhancement at MRI [14] . Finally, genetically positive HCM patients who do not have myocardial hypertrophy (phenotype negative) have emerged as an important clinical issue [15] . Should young, competitive athletes who come from families with HCM be allowed to participate in sports if they have a "normal" echocardiogram? As discussed, it appears that 6-12% of these individuals will have abnormal morphology at MRI. Early in their disease course, tissue Doppler echocardiography has shown that diastolic function is abnormal despite normal wall thickness. Delayed-enhancement MRI is expected to be normal in this situation because a positive MRI for fibrosis is usually only present when wall thickness is abnormal. A sensitive MRI method to assess wall motion during diastole is myocardial tissue tagging. Myocardial tagging in either a grid or line pattern is performed by applying pulses that eliminate the MRI signal along the tag lines. The tag lines deform with the myocardium as it contracts or relaxes, allowing precise determination of myocardial contraction patterns Because several experimental medical treatments are now being studied for HCM, MRI will be used in future clinical trials to determine if subtle improvements in regional contraction or relaxation may occur after therapy.
Arrhythmogenic Right Ventricular Dysplasia
ARVD is a complex topic because of the difficulty in providing a definitive imaging diagnosis early in the course of the disease. Whereas HCM is the most common genetic cardiac disease, ARVD is relatively rare, occurring in one in 10,000 individuals in the United States. The condition is more common in Italy and in individuals who live in the region surrounding the Mediterranean Sea. The diagnosis is made by a combination of clinical features, imaging abnormalities (aneurysm or enlargement of the right ventricle), electrical abnormalities, and family history [16] (Table 2 ).
The most common age range for ARVD is 20-40 years and the clinical presentation is quite nonspecific, including syncope or ventricular tachycardia. In the United States, ARVD accounts for 5% of sudden cardiac deaths in individuals younger than 35 years [16] . Because of the adverse risk of the condition, cardiologists may aggressively pursue the diagnosis of ARVD when other tests, including ECG, Holter monitor, and echocardiography, are normal. Thus, despite being somewhat rare, ARVD is a common reason for referral for MRI. It is not unusual for 50% of nonischemic cardiomyopathy patient referrals to be for the purpose of excluding ARVD.
The most common genetic abnormality in ARVD affects the desmosome. The desmosome is a structure between adjacent myocytes that is involved in mechanical cell coupling. The PKP2 gene encodes for the protein plakophilin-2, which is a component of the desmosome. Deficient cell-to-cell coupling may result in contraction abnormalities, cell death, or disruption in gap junctions, which otherwise facilitate electrical coupling of cells. Histologically, there is apoptosis of myocytes and replacement by fibrofatty tissue. Inflammation has also been reported in affected regions of the heart. The predominant expression of ARVD is in the right ventricle. The reason for this is not known although the theory is that the right ventricle is the weak chamber. Using tagged MRI, we have been able to detect contraction abnormalities in both the right and left ventricles. However, more obvious morphologic changes of dilatation and aneurysm formation are much more common in the right heart than the left.
The treatment of ARVD is a permanently implanted automatic cardiac defibrillator (AICD) to disrupt an otherwise lethal arrhythmia. Unfortunately, after AICD placement, MRI is typically not performed for safety reasons. Thus, it is difficult to determine the accuracy of MRI for the diagnosis.
The complexity of using MRI for the diagnosis of ARVD is to distinguish normal from abnormal size and contraction of the right ventricle [17] . In a sense, this becomes a paradox for the cardiac imager: one cardiac MRI article indicated that the majority of right ventricles in healthy volunteers showed "abnormal" contraction patterns. The authors assumed that our knowledge of left ventricle contraction patterns could be applied to the right ventricle. Unfortunately, this is not the case. The right ventricle is deformed anteriorly by retrosternal ligaments attached to the pericardium, and small bulges in the anterior wall are relatively common. These structural details are not seen using echocardiography. Hence, the cardiac imager who pays little attention to the right ventricle for most cases is suddenly able to discover a host of potential "abnormalities" in patients referred for suspected ARVD [18] . Nevertheless, regional wall motion abnormalities in the right ventricle remain the most reliable feature of early ARVD [19] .
Other MRI characteristics of importance are the imaging correlates of histologically identified fibrofatty infiltration. In our experience, fatty infiltration of the right ventricle is detected only late in the course of the disease. At that point, frequently dilatation and aneurysm formation are seen in the right ventricle. Fatty infiltration of the left ventricle may also be present. It is problematic that most MRI scanners cannot adequately image the right ventricle using T1-weighted turbo or fast spin-echo imaging [20, 21] .
Delayed enhancement of the right ventricle is present in about 60-70% of patients with confirmed ARVD [22] (Fig. 4) . Together with fatty infiltration, the identification of myocardial fibrosis involving primarily the right heart helps confirm the diagnosis of ARVD. In our experience, functional abnormalities of the right ventricle may occur without either definite fat infiltration or delayed gadolinium enhancement. Our current concept of the disease is that early ARVD is manifested by subtle contraction abnormalities that may involve both the left and right ventricles. More advanced disease is accompanied myriad abnormalities, including right ventricular enlargement, delayed gadolinium enhancement, and fatty infiltration. The diagnosis appears more specific when these morphologic and functional changes have a predominant right-sided involvement. If biventricular disease is present, other causes for myocardial dysfunction should be sought. In the multicenter United States Study of ARVD, the most common differential diagnosis for ARVD was sarcoidosis. A multidisciplinary team that is expert in understanding the manifestations of ARVD is helpful to avoid a false-positive MRI diagnosis [23] .
Like HCM, ARVD presents the possibility of genetically positive disease but a phenotypically normal myocardium. In this setting, we assume that the risk of sudden cardiac death is much higher than in the average rule-out ARVD patient. If MRI and other tests are negative, patients return yearly for follow-up MRI. After several years of negative MRI, the interval for follow-up can be lengthened to 2-3 years unless symptoms appear or other tests become positive.
Other Nonischemic Cardiomyopathies
The MRI features of other nonischemic cardiomyopathies are myriad but have been recently reviewed [2] . Several other diseases are worthy of distinct mention because of frequent referrals to MRI. For example, patients with sarcoidosis present with conduction abnormalities and frequently have evidence of systemic disease. Gadolinium enhancement is present as patchy enhancement in the myocardium. Idiopathic dilated cardiomyopathy was mentioned previously. In this condition, the left heart is markedly dilated and thinned, and midwall enhancement especially in the septum is present in more than 50% of patients. Cardiac amyloidosis shows enhancement that is frequently subendocardial but in a noncoronary distribution and may involve all four cardiac chambers as well as valvular enhancement. Patients with viral myocarditis show patchy enhancement in the midwall and epicardial portions of the left ventricle.
In most of these conditions, the delayed-enhancement gadolinium images provide unique information that is useful to categorize the disease as other than typical ischemic cardiomyopathy. An unfortunate consequence of myocardial scarring is that it appears to not be reversible. Thus, gadolinium enhancement from acute viral myocarditis may diminish, but the secondary injury of collagen deposition or scar formation appears to be constant over time.
Conclusions and Clinical Implications
Nonischemic cardiomyopathy is a term that encompasses a heterogeneous group of diseases. Increasingly, the disorders are recognized as a having a genetic component. The myocardium has a very limited response to cellular injury and can be replaced by either fibrosis or fat tissue. Thus, whereas nonischemic myocardial disease usually can be distinguished from ischemic disease, determining the particular cause of nonischemic cardiomyopathy requires clinical correlation and often myocardial biopsy.
There are two compelling reasons these somewhat unusual diseases focus our attention for cardiac MRI. First, we are increasingly presented with referrals for patients who are genetically positive for known mutations but who have no clinically apparent disease. Because radiation is not required and the risk of MRI is low, cardiac MRI is often used to supplement evaluation by echocardiography.
Second, many nonischemic cardiomyopathy disorders are associated with the presence of scar tissue. Emerging evidence suggests that myocardial scar is often the genesis for cardiac arrhythmia that can be life threatening [24] . Thus, the use of delayed gadolinium MRI is routine in evaluating these patients. There is currently an extraordinary research effort aimed at risk prediction and localized treatment on the basis of cardiac MRI evaluation of myocardial scar. It appears likely that cardiac MRI will continue to be a major investigational tool for nonischemic cardiomyopathy, both in research and in clinical practice. A, Subendocardial enhancement or transmural enhancement is associated with infarction from ischemic disease. In this case, 75-year-old man has had infarction in circumflex artery territory. B, Nonischemic cardiomyopathy with midwall stripe pattern in 46-year-old woman. This pattern is common in idiopathic dilated cardiomyopathy. C, Nonischemic cardiomyopathy with epicardial enhancement pattern in 35-year-old woman. This patient had viral myocarditis. 
